How to increase the rotational speed and decrease vibration of the rotor in the acceleration has become an attractive subject, especially for the vertical rotors. This paper introduces a novel supporting mechanism to make the vertical rotor work at 80000 r/min smoothly. How to design and optimize the sensitive parameters of the supporting mechanism is the core problem to reduce the vibration in passing through critical speeds. Therefore, the FEM (finite element method) considering the gyroscopic couple is introduced to get the dynamic characteristic of the rotor system. The matching principle of the upper and lower supporting mechanism in the two-degree freedom system is extended to the multiple degree-freedom system, which is applied to optimize the parameters of the supporting mechanism combining with dynamic characteristic of the rotors system. At last, the rotor system can work at 80000 r/min smoothly in experiment.
Introduction
With the rapid development of manufacturing industry, the requirement of the rotate speed for the mechanical rotor is becoming more and more high, even to exceed the third or fourth order critical speed, and how to reach high speed and rotate smoothly is the core problems to be solved. When the rotational speed exceeds 20000 r/min, the general supporting mechanism will not satisfy the requirement because of the influence of the strong centrifugal force, friction heat, or low-frequency eddy under a certain speed, which prevents the speed from continuing to rise. Especially for the vertical rotor, how to overcome the friction caused by gravity is a great puzzle. In the process of improving the speed of rotor, the severe instability and strong vibration will become more serious when it passes through the lower order critical speeds. Numbers of factors lead to the vibration of rotor system, such as the unbalance of rotor, the fault bearing, the nonuniform excitation, and the friction. In order to keep the stability of the rotor, the vibration attenuation will be one of the core problems in the design and applications. Therefore, we should pay more attention to the design of supporting mechanism. Since the traditional rotational supporting mechanism like bearings does not satisfy the requirements of ultra-highspeed rotor, some new mechanisms designed are presented in [1] [2] [3] [4] [5] , which increase the speed through decreasing friction and adjusting damping in the rotation. In order to make rotor rotate smoothly, many experts invent the damper, shock absorber, and controller to reduce vibration [6] [7] [8] [9] [10] [11] , whose theory is regulating the damp and stiffness of the supporting system. Some papers introduce the application of the automatic dynamic balancer like ball balancer [12] [13] [14] [15] . Although these supporting mechanisms make a contribution to improve the speed, they still cause the following problems: (1) continuing to raise the speed will become very difficult after reaching about 50000 r/min; (2) although some rotor systems can reach 80000 r/min, they are horizontal not vertical rotors; (3) they can produce the strong vibration and noise in the process of rising speed; (4) some experts have studied the supporting mechanism which is similar to this paper, but the parameter's selection of the supporting mechanism lacks sufficient theoretical support, which inhabits its development and application. In order to solve the above problems, we introduce a supporting mechanism and present the parameter's optimization to make the vertical rotor reach 80000 r/min smoothly. Firstly, we elaborate the structure and great superiority of this supporting mechanism in increasing the rotate speed. Then, the finite element model and matrixes are established considering the gyroscopic couple, which acquires dynamic characteristics of the rotor system. The principle of the supporting mechanism's parameter optimization method is proposed and the excellent effect of the dynamic response based on the above FEM is achieved in the fourth part of this paper. At last, the running and debugging experiment of the rotor system is carried out to guarantee that the rotor reaches 80000 r/min smoothly, which not only significantly shorten debugging cycles and promote its widespread application but also provide important reference for the design of ultra-high-speed vertical rotor's supporting mechanism.
The Supporting Mechanism of Vertical Rotor
This part introduces a supporting mechanism which is presented in Figure 1 . The electromotor disk is a driving device connecting with the rotor, which is placed into alternating magnetic field. The rotor system can obtain arbitrary speed through adjusting the frequency of the magnetic field. The lower supporting mechanism is composed of the small shaft and damper. When the rotor reaches a certain speed, the oil film will be formed in the bottom of the small shaft to make rotor suspend, which greatly reduces the friction.
As the smaller support stiffness of the lower supporting mechanism, the frequency response of the bottom supporting is very low and serious vibration of shaking head will appear in the relatively lower speed. In order to help the rotor pass the first and second order critical speed smoothly, the upper supporting mechanism is introduced. A ring shaped permanent magnet (PM) is placed in the damper installed in the upper supporting mechanism and a ring iron is fixed in the top of the rotor, which will produce axial attractive power and radial magnetic coupling stiffness between them. The axial attractive power can alleviate the pressure of the rotor to reduce friction and the radial magnetic coupling stiffness can inhibit the transverse vibration. This supporting mechanism can make the rotor reach higher speed in theory, because it can reduce the friction in the bottom of rotor significantly and provide damping and stiffness to suppress the vibration. But, when we do the experiment of rising speed, the rotor system appeared the low-frequency eddy and the speed cannot continue to be raised. It takes us one more month to debug the stiffness and damping of the upper and lower supporting mechanism to make the rotor reach 80000 r/min. Although the rotor can be accelerated to higher speed, it still showed strong noise and vibration in the lower speed stage. In order to observe the vibrational state in the process of acceleration, we, respectively, set two monitoring points located in the top and middle of the rotor system represented in Figure 2 . In order to understand the vibration directly, we only regard baseband signal in the vibration signal as the analyzing basis. Figure 3 shows that the rotor system caused strong vibration near the low order critical speed and tended to be stable as speed increases, which just catered to the strong noise in the initial phase. Therefore, matching of the upper and bottom supporting mechanism's parameter became the key factor to guarantee the rotor passing the critical speed smoothly.
Dynamics Analysis of the Rotor System
With the development of computer applications technology, finite element method (FEM) is applied to the engineering field very well and rotor dynamics analysis provides more accurate results by using FEM [16, 17] . According to the specific situations, many studies develop different models to conduct the dynamics analysis in the foundation of Jeffcott rotor and achieve great performance. In this paper, we establish a new model to investigate the dynamic response of the high speed rotor considering effects of gyroscopic couple on the basis of previous studies [18] [19] [20] [21] .
The Finite Element
Modeling of the Rotor System. The finite element model of the rotor system is established in Figure 3 . We divide the rotor into − 1 elastic elements of lumped mass which are linked through nodes without considering the three-dimensional specific shape. Firstly, we number all the nodes from top to bottom in the rotor system and build matrix for every node including mass matrix, stiffness matrix, damping matrix, and rotary matrix considering gyroscopic moment. Then, each unit matrix is stacked to the corresponding global matrix to get the global mass matrix, stiffness matrix, damping matrix, and rotary matrix and the dynamics differential equations of rotor system will be established with the force matrix of each node. At last, the linear algebraic equations are established through bringing the supposed steady-state solution into the differential equations and we can achieve the critical frequency and modal of the rotor system by solving them. There is one point needed to be explained; when the freedom degrees of element especially the boundary element are restrained, the element matrixes are not reduced for guaranteeing the generality of the calculation procedure and the boundary constraint method is applied after the formation of the global matrixes [22] .
Establishing the Element Matrix of the Rotor System.
There is a hypothesis that displacement column matrix of any node in the rotor system is
. Then, each node matrix is 4 × 4 order submatrix and the global matrix with n nodes of the rotor system becomes the 2 × 2 order sparse symmetric matrix. We divided the rotor into −1 elements and the rotor has nodes. Element mass matrix, rotary matrix, and stiffness matrix of the rotor node are as follows [23] :
: inertia moment of rotor's cross section; : mass of each rotor element; : length of each rotor element; : rotational inertia of each rotor element; : equatorial inertia moment of each rotor element; ]: Poisson's ratio of the rotor; : elasticity modulus of the rotor.
Element matrixes of the node between upper damper and cap are as follows:
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1 : equatorial moment of inertia of the upper cap; 1 : rotational inertia of upper cap.
Virtual joint section between upper cap and rotor is introduced and the element stiff matrix is as follows:
∞ is granted a greater value to guarantee consistency of the displacement between the upper cap and rotor and other matrixes not listed are null arrays.
Element matrixes of the node between the lower damper and rotor are as follows:
2 : rotational inertia of the lower cap; 2 : equatorial inertia moment of the lower cap; 2ℎ : angle stiffness of the lower cap.
∞ is granted a greater value when calculating to guarantee consistency of the displacement between the lower cap and rotor and other matrixes not listed are null array.
Element matrix of the electromotor disk is as follows:
4 : mass of the electromotor disk; 4 : rotational inertia of the electromotor disk; 4 : equatorial moment of inertia of the electromotor disk; : rotational inertia of the electromotor disk;
: elasticity modulus of the electromotor disk; : length of the electromotor disk; V : Poisson's ratio of the electromotor disk.
Element stiffness matrix of the small shaft not considering mass is as follows: 
: elasticity modulus of the small shaft; : inertia moment of the small shaft; : length of the small shaft.
In order to reflect the connecting boundary conditions between the small shaft and the lower damper, it is necessary to introduce the connecting virtual element. The displacement stiffness of the virtual element is infinite and the angular rigidity is zero, which is better than only considering the lateral stiffness of the small shaft. The stiffness matrix of the virtual element between small shaft and lower damper is as follows:
Element matrix of the lower damper is as follows: 
To Solve the Differential Equation of the Rotor System.
The rotor system has + 7 nodes in total according to the above methods and the global mass matrix, stiffness matrix, damp matrix, and rotary matrix are 2( + 7) × 2( + 7) order symmetric sparse banded matrix whose half bandwidth is four. The displacement vectors of the rotor system are as follows:
The differential equations of the rotor system are as follows [23] : Consider (11) ( = 1, 2, 3, 4; = 1, 2, 3, 4) is an element at row and line of the stiffness matrix numbered and we can directly add it to the global stiffness matrix at row 2 + −2 and 2 + −2 line. The global mass matrix, damp matrix, and rotary matrix will be attained adopting the same method.
In order to simplify the calculation, we introduce { } = { 1 } + { 2 } and (10) will be transformed to plural equation:
If you want to achieve the unbalance response, we can assume
and , , , Ω ( = 1, 2, 3, . . . , ), respectively, represent the mass, eccentricity, phase angle of the nodes, and spin angular velocity of the rotor. We assume that particular solution of the unbalance response is
and { } represents the plural column matrix of the steadystate response. We combine (14) with (12) to gain
and { } = Ω 2 [ 1 1 1 , 0, 2 2 2 , 0, . . . , , 0] represents unbalanced force vector of the nodes.
We can get the principal mode and critical speed of any order through calculating the eigenvalue of (16) [24] . If we want to get the critical speed, we can assume Ω = ± .
In order to greatly understand the characteristic of the rotor dynamics especially after considering gyroscopic couple, we mainly reveal the dynamic rules of the rotor system through modal and unbalance response analysis and provide the theory data for the parameter selection of the damper.
We can get critical frequency synchronous forward precession and principal mode (Figure 4 ) of any orders through solving (16) after introducing the practical parameters of the rotor system without damp.
As is shown in Figure 5 , the first order principal mode mainly displays swing of the top rotor, the second order displays swing of the top and bottom rotor simultaneously, the third order mainly displays the vibration of the upper damper, the forth order displays swing of the bottom rotor, and the fifth and sixth order principal mode mainly displays flexural vibrations of the rotor. In order to achieve 80000 r/min, the rotor system must pass through the first four-order critical speed smoothly and steadily, and then how to select the parameter of the supporting mechanism will be the core problem of the study.
Parameter's Optimization of the Supporting System
The parameter's selection and matching of the upper and bottom supporting mechanism play a powerful role to guarantee the rotor rotating smoothly and the regulation of main parameters relies on selecting suitable damp and stiffness of the damper and magnetic coupling stiffness . The damper is to restrain the vibration produced by all kinds of interference, so the amplitude of the rotor system attenuates down quickly to achieve stable running status. In practice, the upper and lower damper constitutes the avoiding vibration system which has two key parameters. One is optimal frequency ratio and the other is optimal damp. The specific optimization method is as follows: (1) we need to hunt for optimal frequency ratio based on one order mode; (2) we need to regulate the damp of the damper to achieve the optimum. There are two requirements to judge the optimizing parameters of the avoiding vibration system according to the dynamic damping theory. (1) The two public points of the response curve at the spectrum chart adopting different damp have the same amplitude. (2) The peak of one response curve needs to be equal to the public point. It is clear that the public point is not related to the damp, so we need to change the public point only through regulating the frequency to make the two public points have the same amplitude which is named frequency modulation. Damping optimization is to achieve the coincidence point of the peak with the public point by regulating damp. These two processes can be regulated separately. Although this conclusion is achieved by damping system of two-degree freedom, it is adaptable to the multidegree freedom like the rotor system. The difference between the above two conditions is that the analytical expression of the optimal frequency ratio and damp can be attained more easily for the two-degree freedom system than for the multidegree freedom system. This study does not intend to deduce the complex formula than optimize structural parameters of the rotor system based on the above analysis.
The optimizing parameters steps of the rotor system are as follows.
(1) We need to confirm the modal to be tuned, estimate the frequency of the damper based on (17), and adjust the damper's mass, damper's stiffness , and magnetic coupling stiffness . But, in the practical application, the is a little higher than the frequency to be tuned
(2) We need to hunt for the public point through regulating the parameters of (17) . Since it is difficult to regulate the stiffness and mass of the damper, we need to adjust the magnetic coupling stiffness to hunt for the public points. If the magnetic coupling stiffness cannot satisfy the conditions, we will regulate the stiffness and mass. The law to adjust is that the change to amplify the can enhance the public point at the lower frequency.
(3) After finding the best public point, we need to adjust the damping coefficient to coincide with the public point and one peak. The method to hunt for the best damp is that we select a bigger and smaller damping coefficient to calculate and hunt for an adaptable parameter between them. The regulating law is that amplifying the damping coefficient will move the peak at the lower frequency to the higher and one or two peaks will coincide with the public point.
Since the upper damper plays a powerful role in the lower order modal, we will select and optimize the parameter of the upper supporting system based on the avoiding vibration theory at the first and second order critical frequency of the rotor system. Therefore, it is necessary to optimize the damp coefficient and magnetic coupling stiffness, which is helpful to realize the characteristic and provide reference for the design. Figure 6 displays the response of the rotor system's four nodes by selecting different magnetic coupling stiffness. If the magnetic coupling stiffness deviates from the best value along the direction of the decrease, the amplitude of all the nodes will increase greatly and if it deviates from the best value along the direction of the increase, the amplitude of the nodes will decrease, but the change is relatively small beside the top one. It is clear that increasing magnetic coupling stiffness is beneficial to pass through the critical speed, which can be explained by energy dissipation. If the magnetic coupling stiffness is infinite, the rotor and damper will become a unity and damper will support great damp. But, the value of the magnetic coupling stiffness is limited by other application conditions which will be introduced in another paper of the author.
After adopting an adaptable magnetic coupling stiffness, the response of the rotor system's four nodes is presented in Figure 6 when the upper damper selects different damp. Figure 7 displays the response curves of the upper damper, top rotor, middle rotor, and lower damper adopting different damping coefficient of the upper damper. We can conclude that there are two peaks at the lower damping coefficient and the two peaks will be merged into one which has higher amplitude at the higher damping coefficient. Therefore, the damping coefficient of the red line can be the adaptable value based on the current parameter of the upper and lower supporting system.
We can select and optimize the parameter of the bottom supporting mechanism by applying the same method after selecting the parameter of the upper mechanism. It is relatively easy to achieve the best parameters of the avoiding vibration system by repeating calculation several times adopting the above steps and following the above rules. In order to describe the unbalance response of the rotor system concretely, Figures 8 and 9 present the undamped system and optimized response, respectively. We can clearly find that the amplitude of the rotor system has been reduced significantly due to the function of the damper.
The Running and Debugging Experiment of the Rotor System
How to choose damper and regulate its damp and magnetic coupling stiffness is very important to vertical rotor system to achieve higher speed smoothly. Because of the limit of the practical technology, the damp of the damper cannot reach the precise optimized value and it is relatively difficult to regulate its parameters once confirming the structure. The value of the is related to the clearance between ring shaped permanent magnet and iron closely which is simple to adjust relatively; therefore, the rotor can satisfy the requirements in the running process mainly by regulating the clearance after installing the rotor system. In order to observe the vibration amplitude of the response in the running experiment, we install two sensors in the top and middle of the rotor to achieve the response curves in the process of increasing speed, which will provide the reference for analyzing the vibration. We only extract the baseband signal from the vibration signal and regard it as the basis of theoretical analysis. There are also many factors to be concerned in the running experiment such as the vibration of the surrounding, vacuum of the environment, and angular acceleration of the speed. At last, the rotor reached 80000 r/min without any noise only after taking one day to debug. The response curve of the top and middle of the rotor is presented in Figure 10 .
Conclusion
This paper introduces a supporting mechanism of the vertical rotor whose rotate speed can reach 80000 r/min and optimizes its parameters through applying the above optimization method, which significantly shortens the debugging time and improves the work efficiency. The optimization results show that the vibration amplitude of the top supporting mechanism reduces from 350 m to 150 m and the amplitude of the middle supporting mechanism reduces from 210 m to 90 m, which indicates that the rotor can rotate smoothly. Since the main influencing factors of vibration are found and the matching principle of the upper and bottom supporting mechanism's parameters is provided in this study, the design and debugging period is significantly shortened. There are four points that need to be introduced in the process of the optimization and experiment: (1) the FEM plays a powerful role in the dynamic analysis considering the gyroscopic couple; (2) the design and match of the upper and lower supporting mechanism in the avoiding vibration system of the rotor system are very important to pass the lower order critical speed smoothly; (3) the matching principle of the upper and bottom supporting system in the two-degree freedom system can also be applied to the multiple degree freedom system; (4) how to regulate the clearance between the ring permanent magnet and iron in the upper supporting mechanism is the heart in the running experiment.
